Study of the 11 B( 3 He,d) 12 C reaction at incident 3 He energy E lab = 25 MeV has been performed at the K-130 cyclotron at the University of Jyväskylä, Finland. Differential cross sections have been measured for the 13.35 MeV state and for the states with excitation energy around 20 MeV. The data were analyzed with the DWBA method. A tentative assignment, 4 − , is given for the state at 13.35 MeV. For the state at 20.98 MeV, the spin-parity 3 − and the isospin T = 0 are assigned for the first time. Our model description of the broad state at 21.6 MeV is consistent with the previous assignments of isospin T = 0 and spin-parity of 2 + and 3 − . The excited state at 22.4 MeV may have possible spin-parities of either 6 + or 5 − . The collected statistics was insufficient to solve this question.
INTRODUCTION
Recently 12 C become the key nucleus in the study and description of nucleon clustering in light nuclei. For instance, identification of the states with abnormally large radii, observation of alpha-cluster rotational bands, and the prevailing absence of adequate understanding of the structure of the famous Hoyle state (0 + 2 , E x = 7.65 MeV), evoked numerous theoretical and experimental studies (as example Ref. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] ).
The structure of the 0 + 2 , 7.65 MeV Hoyle state of 12 C permanently attracts attention due to its importance in understanding clustering in nuclei and the key role in nucleosynthesis in the Universe. During last decade there appeared several new theoretical approaches that predicted some unusual features of this state. The most ambitious among them is the model of α-particle condensation (APC) [13] [14] [15] according to which the Hoyle state is resembled as a gas of almost noninteracting alpha particles, and 12 C in this state is expected to have anomalously enhanced radius, 60-80% larger than that in the ground state (g.s.). A number of different theoretical calculations also predict an enlarged radius of 12 C in the Hoyle state, but smaller than by APC (see, for example, Refs. [12, 16] and references therein).
A direct experimental method, the Modified Diffraction Model (MDM) [17] , applied to the analysis of inelastic scattering of various nuclei on 12 C, gave an increase of 25% of the rms radius (2.89 ± 0.04 fm) [17] of 12 C in the Hoyle state comparing with that in the ground state. A similar result was obtained by the Antisymmetrized Molecular Dynamics (AMD) calculations [8] .
A special interest is generated by the proposed existence of the excited states "genetically related"to the Hoyle state. The idea that the Hoyle state might be the head of a rotational band became quite natural after appearance of the Morinaga's model [18] presenting this level as a chain-like configuration of three α-particles. Recently, a suitable candidate for the second member of the rotational band based on the Hoyle state was identified either at 9.75 or at 10.13 MeV [9, 10, 19] . The radius of this state was determined to be equal ≈ 3.1 fm [20] , i.e. practically the same as that for the Hoyle state. Thus this state can be regarded as a second member of the rotational band based on the Hoyle state.
Apparently, the members of the rotational band based on the Hoyle state are not the only states of 12 C with an enlarged radius. A considerable size increase was found also for other states located above the 12 C → 3α threshold. The radius of the 3 − state at 9.64 MeV was determined to be R = 2.88±0.11 fm [17] . The exotic 3α and α + 8 Be structures of the states in 12 C near and above the α -emission threshold remain objects of intense theoretical studies [16] . They include calculations of the 8 Be direct transfer [21] contributing to the elastic and inelastic α + 12 C scattering to the 2 + 1 , 0 + 2 and 3 − 1 states. The measurements were done at 110 MeV [22, 23] over the full angular range.
The relative contributions of different angular momenta of α and 8 Be in the four lowest states of 12 C were calculated as a ratio of the extracted spectroscopic factors corresponding to the angular momenta L = 0, 2, and 4 for the 0 + 1,2 and 2 + 1 states, and L = 1, 3 and 5 for the 3 − 1 state. A comparison of these ratios revealed interesting regularities. Namely, the occupation probability in the g.s. and the 2 + 4.44-MeV state (members of the g.s. rotational band) was found almost evenly distributed between all orbital momenta. The occupation probabilities in the 0 + 2 Hoyle state and the 3 − 9.64-MeV state (the first members of the positive and negative rotational bands) were found predominantly concentrated in the lowest orbit with L = 0 and 1, and probabilities 62% and 69%, respectively. This fact indicates that the structure of the 0 + 2 and the 3 − 9.64-MeV states is completely different from the structure of lowest 12 C states.
There are few open questions regarding excited states of 12 C and the rotational bands that can exist in this nucleus. The g.s. rotational band (0 + , g.s.; 2 + , 4.44 MeV; 4 + , 14.08 MeV) in 12 C is well known. Recently, the authors of Ref. [24] , based on the D 3h symmetry of 12 C, suggested that a negative branch of the g.s. rotational band in 12 [29] with a spin-parity assignment of 4 + . Apparently, this state coincides with the state at 13.3 ± 0.2 MeV (Γ = 1.7 ± 0.2 MeV) in 12 C previously determined in Ref. [30] . If so, the state at 13.75 MeV can be included into the Hoylestate based rotational band as a third member [12, 16] .
The next challenge is identification of spin-parities of all the states with excitation energy between 18 and 23 MeV. In this region, one would expect to find the higher members of the 12 C rotational bands.
To address these questions, we have studied the 11 B( 3 He,d) 12 C reaction at the incident 3 He energy of the 25 MeV. Accordingly to our estimates, this energy is optimal for a spin-parity determination of the higher-excited levels in the 18-23 MeV region. For the 13.35-MeV state, the shape of the angular distributions in the c.m. angular range 4 • -60 • is quite different for the transferred angular momenta L = 0 and L = 2. This should allow for an unambiguous determination of spin-parity for this state. The available published data on the transfer reaction 11 B( 3 He,d) 12 C at E( 3 He) = 44 MeV [26] are too scant (the angular distribution contains only 3 points) to allow for a reliable determination of the spin-parity of the 13.35-MeV state.
EXPERIMENTAL PROCEDURE
The measurements were carried out in the 150 cm diameter Large Scattering Chamber (LSC) [31] at the Accelerator Laboratory of the University of Jyväskylä (Finland). The 3 He beam at E( 3 He) = 25 MeV was extracted from the K-130 cyclotron. The LSC was equipped with three sets of ∆E -E detector telescopes, each containing two independent ∆E detectors and one common E detector. So each device allowed carrying out measurements at two angles. The measurements in c.m. angular range 10 • were conducted in one exposure. Two silicon pin diodes of 380 and 100 µm were operating as ∆E detectors and 3.6 mm lithium-drifted silicon detectors as E detectors. The differential cross sections of the 11 B( 3 He,d) 12 C reaction were measured over the 4 • -60 • range in c.m. The beam intensity was about 20 particle nA. A self-supported, 0.275 mg/cm 2 thick, enrichment (95%) boron foil was used as a 11 B target.
The 10 B nuclei were the only impurity in the target. Presence of the lighter isotop added excited states of 11 C to the experimental spectra. Fortunately, this did not compromise our measurements as all the levels below the excitation energy of 19 MeV were well separated. This was possible thanks to the total energy resolution of about 80−120 keV.
This very good energy resolution was needed to resolve the 4 − or 2 − and 1 + states in 12 C. It was achieved with a monochromatization method described in Ref. [31] . The procedure reduces the energy spread of the native cyclotron beam by a factor of 2 to 3 making this measurement possible. Fig. 1 shows a sample of the registered deuteron spectrum from the reaction 11 B( 3 He,d) 12 C.
Peaks corresponding to the relevant transitions in the collected deuteron spectra were identified and parametrized using a standard Gaussian decomposition method. With the known energy calibration, the peak positions and widths were fixed in accordance with the generally accepted values while the areas under the peaks were treated as free parameters. At excitation energies above 19 MeV ( Fig. 1 b) the procedure became more complex as some of the states could not be fully resolved.
In the ( 3 He,d) reaction, both the isospin T = 0 and T = 1 states are excited while in the inelastic scattering of α-particle, only the states with T = 0 are excited. Therefore, if one observes the same state in the ( 3 He,d) reaction and in the inelastic scattering spectrum, one can confidently assign T = 0 to this state. This comparative procedure was applied to the experimental data on the inelastic scattering of α-particles on 12 C at E lab = 110 MeV [22, 23] . In Fig 2, we show a sample spectrum from the 4 He + 12 C scattering at θ lab = 23 • showing the excitation of 12 C states around 21 MeV.
In total, deuteron angular distribution for the g.s. and eight excited states of 12 C were extracted using the 20 
THEORETICAL ANALYSIS
Theoretical analysis of the experimental differential cross sections are carried out in the framework of the finite range distorted-wave Born approximation (DWBA) [32] using the FRESCO code [33] . The contributions of all allowed combinations of transmitted angular moments L and spins J are coherently accounted.
The elastic scattering wave functions in the entrance ( 3 He + 11 B) and the exit (d + 12 C) reaction channels are calculated in the framework of the fenomenological optical model. A standard Woods-Saxon form of the real part of optical potentials and a combination of the volume W s and surface W d potentials for the imaginary part are used. For the entrance channel, we have applied parameters of the global potential [34] . For the exit channel, also global potential parameters were used [35] . These parameterizations give a good description of the elastic scattering data in the forward angular range (up to 40 • ).
The transfer form factors to the bound states are modeled by the normalized single-particle wave functions in the Woods-Saxon potentials. The depth of the potential is automatically varied to give a binding energy of the transmitted particle (Well-Depth-Prescription procedure, WDP). The relative contributions (A LJ ) of components corresponding to different moments (LJ) and the geometric parameters r 0 and a of the Woods-Saxon potential are adjusted to fit the experimental angular distributions especially in the main front peak range. The geometrical parameters and the relative contribution of components A LJ for each bound state of the final nucleus are presented In Table 1 The proton transfer form factor to the continuum states of 12 C is calculated using the wave functions Φ(r) defined in Ref. [33] Φ(r) = 2 πN k2 k1 w(k)ϕ k,LJ (r)dk (1) where N is the normalization of the weight function
The wave functions Φ(r) are normalized to unity in the sufficiently large interval [0, R]. In our case, the maximum radius R = 150 fm was sufficient, so a singleparticle wave function ϕ k (r) is averaged over energy bin in continuum [33] . The experimental level widths [25] were used as the resonance widths. The relative contribution of components A LJ , potential depths V and geometric parameters r 0 and a of Woods-Saxon potential selected for the best fit of the experimental angular distributions at forward angles are presented in Table 2 for each state of the continuum proton spectrum of 12 C. 12 The potential parameters (V , r 0 and a) of the single-particle potential of p+ 11 B for the continuum states of 12 C, relative contribution A LJ of components for allowed combinations of angular momentum transfers LJ. Figure 3 shows the experimental deuteron angular distributions in comparison with the DWBA calculations for the g.s (Fig 3a) and the states at 4.44 MeV (Fig.  3b ), 7.65 MeV (Fig. 3c ), and 9.64 MeV (Fig. 3d ). For these levels, the values of spin-parity and isospin are well known [25] . The calculations satisfactorily describe the data, especially at forward angles, and allow us to correctly determine the spin-parity values and the transfer moments (see Table 1 ). In the following chapters we summarize the outcome of the analysis of studying the differential cross sections for the 12 The differential cross section of the 11 B( 3 He,d) 12 C reaction with excitation of the 16.57-MeV state is presented in Fig. 4 in comparison with the DWBA calculation assigning to this state spin-parity of 2 − (solid red curve). As it was mentioned earlier, this excited state was not observed in the inelastic scattering of α-particles on 12 C at 110 MeV [22, 23] because of the accepted isospin of T = 1 [25] . The experimental differential cross section of the 11 B( 3 He,d) 12 C reaction with an excitation of the 21.6-MeV state is plotted in Fig. 5 in comparison with the DWBA calculations assuming generally accepted 2 + and 3 − values of spin-parity [25] for this state. In the right panels of Fig. 5 , the DWBA calculations are shown in a linear scale for spin-parity of 3 − (green curve in the top panel) and 2 + (blue curve in the bottom panel). The behavior of both curves is very similar over the entire angular range. Incoherent sum of the calculated cross sections corresponding to the spin-parities of 2 + and 3 − with equal weights of 0.5 is shown in Fig. 5 by the red curve to better fit the data. As the 21.6-MeV state was also observed in the inelastic scattering of α-particles at 110 MeV [22, 23] , we confirm the generally accepted values of spin-parity of 2 + and 3 − and the isospin of T = 0 for the 21.6-MeV state of 12 C.
RESULTS AND DISCUSSION
The state at 20.98 MeV
The spin-parity and the isospin have not been so far assigned for the state at 20.98 MeV. The differential cross sections of the 11 B( 3 He,d) 12 C reaction with excitation of the 20.98-MeV state are presented in Fig. 6 . The DWBA calculations show that the best fit of the data is achieved by choosing the spin-parity of 3 − . Since the state at 20.98 MeV is observed in the inelastic scattering, we can assign to it the isospin of T = 0.
Thus, for the first time, we determine the possible values of spin-parity J π = 3 − and isospin T = 0 for the state at 20.98 MeV. The differential cross section of the 11 B( 3 He,d) 12 C reaction with excitation of the 13.35 state is presented in Fig. 7 . The DWBA analysis reveals that the dominant transferred angular momentum is L = 2. For this moment, there are two possible values of spin-parity: 4 − and 2 − . The DWBA calculations depicted in Fig. 7 with spin-parities of 4 − and 2 − (red and blue curves, respectively) differ little in the description of the data. In this case, a choice of the spin-parity value of the 13.35-MeV state is hindered and the question remains open.
To answer the question we tried to use our data on the inelastic scattering angular distribution of α-particles at 110 MeV [22, 23] .
Since the assumed values of spin-parity are unnatural, one should consider two-step mechanism to excite this state in inelastic scattering. But using this approach we could not reproduce the experimental angular distributions, and moreover the absolute values of the calculated cross sections have been very small. We use an alternative way to estimate the relative contribution of various transferred angular momenta L in the framework of onestep DWBA applying a simple cluster model of 12 C. In this way the inelastic form factor is considered in the frame of microscopic (cluster) interaction model
where R lIj (r) are the single-particle wave functions describing the relative motion (with orbital momentum l and total momentum j) of 8 Be (with spin I) in the potential of alpha-particle core (with spin I c ). These wave functions are calculated with a standard WDP procedure using a Woods-Saxon potential. The geometric parameters of the Woods-Saxon potential are selected based on the best fit of the experimental angular distribution. The Gaussian form for a radial part of the central interaction ν L is used with inverse range parameter µ = 0.7. The strength V 0 is included in the resulting normalization. We account coherent contributions from different combinations (l I j , lIj) that allow transferred momenta L = 1, 3, 5. The calculations are carried out with code DWUCK4 [36] . Figure 8 shows that the better description of the angular distribution is given by a component with L = 1 including small corrections from other components. In addition to this calculation, the analysis in the framework of the MDM is performed (see Fig. 9 ). The shape of the angular distributions is approximated by combination of the Bessel functions J L (x), where L is the transferred angular momentum.
As we can see in Fig. 9 , the most probable transferred angular momentum also is L = 1. The MDM analysis allowed us to estimate the rms radii of 12 C in the excited The differential cross section of the 11 B( 3 He,d) 12 C reaction with excitation of the 22.4-MeV state in 12 C is presented in Fig. 10 . The DWBA analysis of the data was carried out taking into account all possible spin-parities for this state. The best fit of the data was obtained for the spin-parities of 6 + and 5 − . The calculated cross sections are also shown in Fig. 10 as green and blue curves. From our point of view, the fit of the data in the region of the main peak is better for the calculations corresponding to the spin-parity of 6 + . This is especially evident if we compare the experimental and theoretical differential cross sections in a linear scale (see the right panels in Fig.  10 ).
As the state at 22.4 MeV was also observed in the inelastic scattering of α-particles at E lab = 110 MeV [22, 23] , we can assign the isospin of T = 0 to the 22.4-MeV state of 12 C.
If we accept that the spin-parity of the 22.4-MeV state is of 6 + and the isospin is T = 0 then it corresponds to the rotational trajectory J(J + 1) of the Hoyle band, which also includes the 2 + state near 9.9 MeV [9, 10, 19] and the 4 + state at 13.75 MeV [23, 29] . To summarize the analysis of the received data let us present an updated systematics of the states in 12 C grouping them to the rotational bands shown in Fig. 11 . The well-established K π = 0 + ground-state rotational band includes 2 + and 4 + states at 4.44, and 14.08 MeV (a black line in Fig. 11 ). The K π = 3 − rotational band proposed in Ref. [24] contains the negative-parity states 3 − and 4 − states at 9.64 and 13.35 MeV (a blue line in Fig. 11 ). The rotational band based on the Hoyle state can include the 0 + , 2 + , 4 + , and 6 + states at 7.65, 9.9 (9.75 [10] or 10.13 [19] ), 13.75 and 22.4 MeV (shown in Fig. 11 by red line). Recently the observation of the state at 22.5 MeV with a tentative assignment, 5 − , was announced [24] . Unfortu-nately, nothing is stated in Ref. [24] regarding the isospin of the new state. However, the new data table assigns T = 1 in the energy region 22.4 MeV [37] . The authors assumed that it is a good candidate to complete the negative-parity rotational band.
The matter is further complicated by the fact that in this high-excitation region of the spectrum, the majority of states overlap and therefore their separation and characterization is not straightforward. It is conceivable that in the excitation region of 22.4-22.5 MeV, there are two overlapping states with spin-parities of 5 − and 6 + . The case would be therefore similar to the 21.6-MeV state having both 2 + and 3 − as accepted spin-parity values. The generally accepted spin-parity of 2 − and the isospin of T = 1 for the state at 16.57 MeV, and the spin-parity of 2 + and 3 − , and the isospin of T = 0 for the state at 21.6 MeV were confirmed. For the first time, the spin-parity, 3 − , and the isospin T = 0 for the state at 20.98 MeV were determined.
The DWBA analysis of the differential cross section of the 11 B( 3 He,d) 12 C reaction with excitation of the 13.35 state reveals that the spin-parity assignments of 4 − and 2 − have equal probabilities. Nevertheless, an additional analysis of the inelastic scattering of α-particles on 12 C at 110 MeV and an estimate of the radius of this state by the MDM provide additional arguments for a tentative assignment of the spin-parity 4 − and the isospin T = 0 for this state confirming the statements in Ref. [27, 28] and a proposal [16] of a formation of the negative parity band in 12 C by the states 9.64 MeV, 3 − and 13.35 MeV, 4 − .
The state at 22.4 MeV has attracted particular interest in recent years [16, 27, 28] . It was proposed as a candidate for the third position in the negative parity band, providing it has a spin-parity of 5 − . Our analysis has shown this state could rather be assigned spin-parity of 6 + and isospin T = 0. We believe that, most likely, it is the fourth member of the rotational band based on the Hoyle state. At the same time, it cannot be excluded that in the excitation region of 22.4 MeV there are two unresolved states with spin-parities of 5 − and 6 + .
